Moderate exercise attenuates caspase-3 activity, oxidative stress, and inhibits progression of diabetic renal disease in db/db mice. Am J Physiol Renal Physiol 296: F700 -F708, 2009. First published January 14, 2009 doi:10.1152/ajprenal.90548.2008.-Diabetic nephropathy, the leading cause of end-stage renal disease, is characterized by a proapoptotic and prooxidative environment. The mechanisms by which lifestyle interventions, such as exercise, benefit diabetic nephropathy are unknown. We hypothesized that exercise inhibits early diabetic nephropathy via attenuation of the mitochondrial apoptotic pathway and oxidative damage. Type 2 diabetic db/db and normoglycemic wild-type mice were exercised for an hour everyday at a moderate intensity for 7 wk, following which renal function, morphology, apoptotic signaling, and oxidative stress were evaluated. Exercise reduced body weight, albuminuria, and pathological glomerular expansion in db/db mice independent of hyperglycemic status. Changes in renal morphology were also related to reduced caspase-3 (main effector caspase in renal apoptosis), caspase-8 (main initiator caspase of the "extrinsic" pathway) activities, and TNF-␣ expression. A role for the mitochondrial apoptotic pathway was unlikely as both caspase-9 activity (initiator caspase of this pathway) and expression of regulatory proteins such as Bax and Bcl-2 were unchanged. Kidneys from db/db mice also produced higher levels of superoxides and had greater oxidative damage concurrent with downregulation of superoxide dismutase (SOD) 1 and 3. Interestingly, although exercise also increased superoxides, there was also upregulation of multiple SODs that likely inhibited lipid (hydroperoxides) and protein (carbonyls and nitrotyrosine) oxidation in db/db kidneys. In conclusion, exercise can inhibit progression of early diabetic nephropathy independent of hyperglycemia. Reductions in caspase-3 and caspase-8 activities, with parallel improvements in SOD expression and reduced oxidative damage, could underlie the beneficial effects of exercise in diabetic kidney disease. kidney; superoxide dismutase DIABETIC NEPHROPATHY is the leading cause of end-stage renal disease and is an important cause of increased morbidity and mortality in type 2 diabetic patients (41). A frequently used animal model of type 2 diabetes is the db/db mouse, which has a point mutation in the leptin receptor gene that leads to hyperphagia and obesity with progressive hyperglycemia, hyperinsulinemia, and insulin resistance (35, 36) . Renal abnormalities in diabetic db/db mice, such as glomerular hypertrophy, proteinuria, and glomerulosclerosis, resemble human diabetic nephropathy, making the db/db mouse a useful model for investigating the pathogenesis and therapeutic intervention in this disease (8, 30, 50) .
animal model of type 2 diabetes is the db/db mouse, which has a point mutation in the leptin receptor gene that leads to hyperphagia and obesity with progressive hyperglycemia, hyperinsulinemia, and insulin resistance (35, 36) . Renal abnormalities in diabetic db/db mice, such as glomerular hypertrophy, proteinuria, and glomerulosclerosis, resemble human diabetic nephropathy, making the db/db mouse a useful model for investigating the pathogenesis and therapeutic intervention in this disease (8, 30, 50) .
Lifestyle modifications such as exercise and caloric restriction are the cornerstones of management of type 2 diabetes and are significantly more effective than pharmacological management of glucose reduction alone (28) . Although exercise is often contraindicated in end-stage renal disease, it does attenuate early stages of nephropathy in Zucker diabetic rats (46) . Deregulated programmed cell death or apoptosis occurs in humans and animal models of diabetic renal diseases and ranges across multiple cell types including podocytes, mesangial cells, and the endothelium (9, 31, 34) . Regardless of the site of occurrence, apoptosis causes changes in renal structure and function and is mediated by caspases, a family of cysteine aspartate-specific proteases, and reactive oxygen species (ROS)-mediated oxidative stress (9, 25, 43) . The "intrinsic" or the mitochondrial pathway of apoptosis, involving the release of cytochrome c, and sequential activation of caspase-9 and -3, is thought to be important in the kidneys during diabetes (34) . As the effects of lifestyle modification on renal proapoptotic signaling in diabetes are unknown, we examined the hypothesis that exercise prevents diabetic nephropathy via attenuation of the mitochondrial apoptotic pathway, via a reduction in caspase activities, and oxidative damage in db/db mice.
MATERIALS AND METHODS
Experimental animals and exercise protocol. The study protocols were approved by the University of British Columbia Laboratory Animal Care Advisory Committee. Twenty 4-wk-old male diabetic db/db (BKS.cg-m ϩ/ϩ Leprdb/J) and age-matched wild-type (WT) mice were purchased from the Jackson Laboratory (Bar Harbor, ME). The BKS.cg-m ϩ/ϩ Leprdb/J mouse is obese and diabetic by 8 wk of age. Mice were housed five per cage with a 12:12-h light-dark cycle and temperature control (26°C). Animals had free access to food and water and were weighed weekly. At 5 wk of age, db/db and WT mice were randomly assigned to sedentary or exercised (Exe) groups as described previously (36) . The exercised groups underwent 1-h exercise in a motorized exercise wheel system (Lafayette Instrument) at a speed of 5.2 meters/min. Mice were exercised for 1 h/day, 5 days a week at a set time each day for 7 wk. Sedentary WT and db/db mice were placed in nonrotating wheels for the same duration as the exercised mice.
Plasma and urine parameters. Animals were euthanized by injection of an overdose of pentobarbital sodium (Somnotol; 50 mg/kg ip) and heparin sodium (50 U/kg ip). Blood samples were taken from the inferior vena cava and immediately dispensed into tubes (Microtainer brand tube with EDTA, Becton Dickinson) and centrifuged (8,000 rpm) for 10 min at 4°C for plasma generation. Plasma and urine samples were transferred into separate Eppendorff tubes and stored at Ϫ76°C until analysis. Plasma glucose levels were determined by Trinder assay using a commercial kit purchased from Diagnostic Chemicals Limited (Oxford, CT). Plasma insulin levels were measured using a Mercodia Ultrasensitive Mouse Insulin Assay Kit from Alpco (Salem, NH). Urinary creatinine concentration was measured by HPLC using the method of Dunn et al. (12) with the following modifications: 1) the column was Zorbax 300-SCX, 5 m, 2.1 ϫ 150 mm; 2) the mobile phase was 7.5 mM sodium acetate adjusted to pH 4.4 Ϯ 0.2 with acetic acid (total acetate ϳ15 mM) at a flow rate of 0.50 ml/min (isocratic); 3) the column temperature was 40°C; and 4) and the sample injection volume was 3.0 l. Urine was diluted 1:25 and assayed for creatinine by HPLC directly without deproteinization. Urine albumin was measured using a commercial ELISA kit (Albuwell-M from Exocel, Philadelphia, PA). The ratio of concentrations of albumin (g) to creatinine (mg) in urine specimens was used as an index of urinary albumin excretion.
Citrate synthase assay. To document the presence of an endurancetrained state, citrate synthase activity assays were performed on skeletal muscles. After the animals were killed, thigh adductor muscles were gently removed and frozen before citrate synthase activity was measured as previously described (29) . Citrate synthase activity is expressed as micromoles per minute per milligram protein of the extract (measured by Bradford protein assay).
Tissue processing and histological evaluation. Kidneys were fixed in 4% buffered formaldehyde, embedded in paraffin, and cut into Fig. 1 . Exercise-related changes in body weight, citrate synthase (CS), and kidney parameters. A: db/db mice exercised with moderate intensity gained less weight compared with their sedentary littermates. This difference was apparent from 6 wk of age onward (n ϭ 8 -10 per group). Weight gain in wild-type (WT) mice was not affected by exercise. B: CS activity was used to monitor exercise-induced changes in metabolic activity in thigh adductor muscles. Both exercised db/db and WT groups demonstrated greater CS activity at all time points (n ϭ 9 -10 per group). C: sedentary db/db mice had higher kidney weights compared with WT. Exercise decreased kidney weights in db/db mice to WT levels after 7 wk. D: urinary albumin/creatinine (Cr) ratio is significantly higher in db/db mice compared with WT mice. Exercise significantly decreased this ratio in db/db mice, implicating improved renal function (n ϭ 5-7 per group). Exe, exercise. Results are means Ϯ SE. *Significantly different from sedentary littermate. †Significantly different from corresponding WT group, P Ͻ 0.05. 5-m-thick sections. Sections were stained with periodic acid-Schiff (PAS) and representative renal corpuscles were photographed with an Olympus BX51 light microscope fitted with a Retiga 2000R digital camera. Using the method described by Qi et al. (40) , the degree of mesangial matrix was semiquantitatively scored by a renal pathologist blinded to group identity. Fifty glomeruli per kidney per mouse were examined. The increase in mesangial matrix (also called mesangial area) was defined by PAS-positive and nuclei-free area in the mesangium. The glomerular area was calculated along the borders of capillary loop (30) . The severity of matrix formation was scored from 0 to 4 where 0 ϭ (normal glomerulus), 1 ϭ (local, small lesions up to 25% of glomerular volume), 2 ϭ (diffuse expansion 25-49%), 3 ϭ (50 -75%), and 4 ϭ (greater than 75%). The number of glomeruli (out of 50 per kidney) exhibiting each kind of matrix formation was calculated and plotted.
Caspase activities. Activities of renal caspase-3, -8, and -9 were determined using the corresponding fluorescent caspase-specific substrates Asp-Val-Glu-Asp (DEVD)-7-amino-4-trifluoromethylcoumarin (AFC; Anaspec), Ile-Glu-Thr-Asp (IETD)-AFC, and Leu-Glu-HisAsp (LEHD)-AFC (Calbiochem), respectively. Briefly, 50 -75 g of total protein were added to the reaction buffer, which contained 50 M of the respective substrate, and incubated at 37°C for 1 h. Ac-DEVD-CHO (Anaspec), Ac-IETD-CHO, and Ac-LEHD-CHO (Calbiochem) were used as specific inhibitors of caspase-3, -8, and -9, respectively. The enzyme-catalyzed release of AFC was quantified in a fluorimeter at 380/500-nm wavelengths (14) .
Superoxide generation. Estimates of superoxide generating capacity in diabetic kidneys were performed using dihydroethidium (DHE). DHE is a blue fluorescent dye that specifically is oxidized by intracellular superoxide and then converted to a red fluorescent compound ethidium, which intercalates with double-strand DNA to create punctate nuclear staining. Briefly, flash-frozen kidneys were sectioned at 20 m and incubated with 2 M DHE for 30 min in a nitrogen chamber. Images were taken on a Leica inverted confocal microscope, equipped with a Ar/ArKr laser (Ex: 515 nm/Em: 605 nm). A total of four animals per group was analyzed, with two slides from each animal. Seven images were generated per slide and were analyzed with Velocity software. After image intensity per image was calculated, the signal intensity was divided by the captured area (13) . The values are designated as relative DHE staining density and expressed in arbitrary units (AU).
Protein expression by Western blot. Kidneys were cut into small pieces and homogenized in ice-cold homogenization buffer and Western blotting was performed as described elsewhere (36) . Membranes were incubated with primary antibodies raised in rabbit [caspase-3 (Cell Signaling), superoxide dismutase (SOD) 3, Bax, BCl-2 (Santa Cruz Biotechnology)], sheep (SOD 1 and 2; Calbiochem, San Diego, CA), goat (TNF-␣), or mouse (GAPDH, nitrotyrosine; Cayman Chemicals) for 2 h at room temperature. Goat anti-rabbit, donkey anti-sheep, donkey anti-goat, or goat anti-mouse horseradish peroxidase (HR)-conjugated antibodies were used as secondary antibodies and visualized using electrochemiluminescent (ECL) detection kit. Lipid hydroperoxide assay. Oxidative stress-induced lipid peroxidation was estimated by direct measurement of lipid hydroperoxides in kidneys using a commercially available kit (Cayman Chemicals) as described previously (14) .
Protein carbonyl levels. Protein carbonyls were assayed as an index of oxidative modification of proteins. Briefly, 50 l of the plasma fractions were added to an equal volume of 10% trichloroacetic acid (TCA), centrifuged at 6,000 g at 4°C for 5 min, and the supernatant was discarded. The precipitated proteins were resuspended in 0.2% 2,4-dinitrophenyl hydrazine and incubated for 1 h at 37°C. Subsequently, proteins were precipitated again with TCA, centrifuged, washed with ethanol:ethyl acetate, dissolved in 6 mM guanidine hydrochloride, and the absorbance was measured spectrophotometrically at 370 nm (14) . Fig. 3 . Renal apoptotic signaling in response to diabetes and exercise. A: chief effector caspase, caspase-3, activity is increased in diabetic kidneys and is reduced to WT levels with exercise. B: further evidence of renal caspase-3 activation as evidenced by enhanced caspase-3 processing (ratio of the "cleaved" 17-kDa fragment to 35-kDa whole caspase-3 expression) in diabetes. Exercise decreased caspase-3 activation in db/db kidneys. Representative Western blots are depicted in the inset. C: enhanced activity of caspase-8, the initiator caspase of the "extrinsic" pathway in diabetic kidneys. Exercise also decreases caspase-8 activity. D: caspase-9 activity, the initiator caspase of the mitochondrial "intrinsic" pathway, is unchanged by exercise in all groups. E: protein expression of TNF-␣, a proinflammatory cytokine implicated in the activation of caspase-8, was increased in db/db kidneys and reduced by exercise. Representative Western blots are depicted in the inset. F: ratio between protein expression of Bax, a proapoptotic protein, and BCl-2, an anti-apoptotic protein, remained unchanged in all groups. Representative Western blots are depicted in the inset. AU, arbitrary units; RFU, relative fluorescence units. 
RESULTS
General characteristics of mice. Sedentary db/db mice were obese at all time points, with a mean body weight that was significantly greater than age-matched WT mice throughout the experimental period (Fig. 1A) . Exercise caused modest but significant decreases in body weight in db/db mice within 1 wk (6 wk of age) that continued for the following 6 wk and onwards (final age 12 wk). The body weights of WT mice were not affected by exercise (Fig. 1A) . As an indicator of efficient exercise and higher metabolic activity, citrate synthase activity in the thigh adductor muscles of the mice (20) was increased by exercise in both WT and db/db groups (Fig. 1B) . Plasma glucose and insulin concentrations in db/db mice were significantly elevated compared with WT mice (Table 1) . Moderate exercise did not affect plasma glucose or insulin in either WT or db/db mice.
Biochemical and morphological features in diabetic renal disease. Kidney weights at 12 wk of age in db/db mice were significantly higher than in WT mice. Exercise specifically lowered kidney weights in db/db mice (Fig. 1C) . To evaluate the effects of exercise on renal functional abnormalities in db/db mice, urinary albumin/creatinine ratios in urine samples were used as an index of urinary albumin excretion. The urinary albumin/creatinine ratio was significantly higher in db/db sedentary mice compared with their WT counterparts (Fig. 1D) . Exercise specifically decreased the albumin/creatinine ratio in db/db mice but the difference in ratio between this group and WT mice was not significant (Fig. 1D) . In the histological sections, glomerular grade III mesangial expansion was significantly greater in sedentary db/db mice compared with the WT mice (Fig. 2B) . Exercise significantly improved this mesangial expansion in db/db mice (Fig. 2B) . Representative renal corpuscles from sedentary WT (2Aa), sedentary db/db (2Ab), and exercised db/db (2Ac) mice are shown in Fig.  2A . Exercised WT and sedentary WT had similar renal corpuscles (data not shown).
Factors controlling caspases. Caspase activities in the kidneys from db/db and WT mice were used to study the renal apoptotic process. Caspase-3 is the primary downstream effector caspase in the apoptotic process. Both caspase-3 activity (Fig. 3A) and processing (Fig. 3B , appearance of 17-kDa fragment) increased in db/db kidneys. These elevations were significantly reduced with exercise. Among the initiators of caspase-3 activity, caspase-8 mediates the "death receptor"-mediated pathway, whereas caspase-9 is the initiator caspase of the intrinsic mitochondrial apoptotic pathway. To our surprise, although caspase-8 activity increased in the db/db kidney (Fig.  3C ), caspase-9 was unchanged (Fig. 3D) . Exercise decreased caspase-8 activity in db/db mice. To further investigate factors associated with apoptosis, we examined the expression of TNF-␣, Bax, and Bcl-2, which are suggested to be dysregulated in diabetic cell death (5, 7). The increased levels of the proinflammatory cytokine TNF-␣ in db/db kidneys were attenuated by exercise (Fig. 3E) . Levels of Bax and Bcl-2, which are pro-and anti-apoptotic proteins, respectively, remained unchanged in both db/db and WT kidneys and were unaffected by exercise (Fig. 3F) .
Renal oxidative stress-related parameters. Renal superoxide generation was determined in WT and db/db kidneys using DHE staining. Compared with sedentary WT (red nuclei in micrographs in Fig. 4Aa) , db/db mice had higher in vitro renal superoxide generation, and exercise increased ROS production in both groups (yellow nuclei in micrographs in Fig. 4A, b, c,  d ) and quantitatively expressed as staining density in Fig. 4B . Superoxides are neutralized in vivo by three SODs, with SOD 1 (cytoplasmic) and SOD 3 (extracellular) both requiring Cu/Zn as cofactors while mitochondrial SOD 2 utilizes manganese as a cofactor. Protein expression of SOD 1 and 3 was specifically decreased in db/db mice (Fig. 5, A and C) . Exercise did not affect SOD levels in WT kidneys, but increased the expression of all three SOD isoforms in db/db kidneys (Fig. 5) . Levels of protein carbonyls and lipid hydroperoxides, products of protein and lipid peroxidation due to oxidative stress, respectively, were increased in db/db kidneys (Fig. 6, A and B) . Exercise further increased renal protein and lipid hydroperoxides in db/db but not WT kidneys (Fig. 6, A and B) . Peroxynitrite, which is a combination product of nitric oxide and superoxide, is an important mediator of diabetic oxidative kidney damage (2, 39) in part by causing nitration of tyrosine residues within cellular proteins leading to the formation of nitrotyrosine (39, 48) . Levels of nitrotyrosine (a biomarker for peroxynitrite) were increased in the kidneys of sedentary db/db mice while exercise normalized nitrotyrosine expression in db/db mice (Fig. 6C) .
DISCUSSION
In this study, we provide novel evidence on the differential regulation of kidney caspases and oxidative stress-related parameters during exercise-induced improvements in kidney morphology and function. These changes occurred without alterations in plasma glucose and insulin levels in db/db mice, as we reported in related studies on the vascular benefits of exercise in diabetic mice (35, 36) .
In this study, we report reductions in renal mass with exercise in diabetes, which may be related to amelioration of renal hypertrophy reported in the db/db mice (8) . Furthermore, albuminuria, associated with progressive diabetic nephropathy (8), was also decreased as evidenced by the normalization of the urinary albumin/creatinine ratio in exercised db/db mice. Next, we investigated the hypothesis that exercise attenuates mesangial matrix expansion in diabetic mice. Mesangial matrix expansion is considered a pathologic feature of diabetic nephropathy in both humans and the db/db mice (8) . It was previously reported that in db/db mice, increased albumin excretion appears soon after the establishment of hyperglycemia and is followed several weeks later by pronounced glomerular mesangial matrix expansion (11) . Hyperglycemia leads to glomerular hypertrophy and diffuse glomerulosclerosis characterized by increases in mesangial matrix and thickening of the glomerular basement membrane (6) . In db/db mice, mesangial matrix expansion starts at 8 wk of age, is increased by twofold at 12 wk of age, and by 16 wk of age, it has increased by threefold (8) . Mesangial expansion reduces the surface area of glomerular capillaries available for filtration and leads to decreased glomerular filtration (42) . We show that moderate levels of exercise significantly decreased grade III matrix mesangial expansion evident in db/db mice.
Loss of podocytes via apoptosis and oxidative stress triggers mesangial expansion and underlies the etiology of diabetic kidney disease in the db/db mouse (43) . Podocytes are specialized cells on the glomerular basement membrane that control the structure and function of the glomerular filtration apparatus. Podocyte loss by apoptosis is a predictor of albuminuria in both humans and animal models of diabetes (37, 43) . Thus, the loss of podocytes by apoptosis not only leads to abnormal leakage of protein in the urine (proteinuria), but it also triggers mesangial expansion in an attempt to reduce filtration surface area (47) . However, this simplistic view of podocyte apoptosis is complicated by findings that mesangial cells (25) , proximal tubule epithelial cells (18) , and endothelial cells (4) all exhibit apoptosis under hyperglycemic conditions. Thus, we monitored the impact of exercise on the global proapoptotic environment in the diabetic kidney, as determined by caspase activities. In our study, the inhibition of mesangial expansion and normalization of albuminuria suggest that exercise was able to at least partially reduce the proapoptotic environment in diabetic kidneys.
Accurate estimation of apoptosis in the diabetic kidney is complicated by the high clearance rates and loss of apoptotic cells in the urine (33) . Thus, estimation of caspase-3 activity/ processing may have higher specificity for the prediction of an apoptotic environment than the more traditional nuclear fragmentation (TUNEL) method, which also detects necrotic cell populations (33) . We report that both caspase-3 processing and caspase-3 activity were increased in diabetic kidneys, both of which were substantially reduced by moderate levels of exercise. This is the first report of a beneficial role of exercise on caspase-3 activity, the primary executioner caspase involved in apoptosis in diabetic mouse kidneys (33, 34) .
A number of pathways modulate the activation of caspase-3 (26) . The first involves activation of caspase-3 via death receptor-mediated activation of upstream caspases such as caspase-8 ("extrinsic" pathway) (3, 26) . In our study, caspase-8 activity was increased in parallel with caspase-3 activity and was downregulated by exercise. We measured the protein expression levels of TNF-␣, an activator of the death receptor pathway commonly found in diabetic kidneys (24) . Apart from causing sodium retention and renal hypertrophy in the kidney, TNF-␣ also directly activates caspase-8 (26, 45) . The upregulation of TNF-␣ during diabetes and its subsequent reduction by exercise may be due to the anti-inflammatory effects of a loss in body weight in exercised db/db mice (38) .
The second pathway of caspase-3 activation is the intrinsic or the mitochondrial pathway of apoptosis (15, 26) and involves damage to the mitochondria, followed by the release of apoptogenic proteins such as cytochrome c, which then facilitate apoptosome-mediated caspase-9 activation. Bax upregulation and translocation to mitochondria promote cytochrome c release while overexpression of Bcl-2 prevents cytochrome c release and subsequently caspase-9 activation. Their relative abundance via homo-or heterodimerization at the mitochondrial membrane determines the probability of cytochrome c release from the intermembrane space and activation of caspase-9 and, ultimately, caspase-3 (10, 15) . This pathway is activated in mesangial cells under hyperglycemic conditions (34) . However, in our study, caspase-9 activity was not altered in the kidneys of either db/db or WT mice. This could be due to a number of reasons. First, we detected appreciable caspase-9 activity and cleavage only in 16-wk-old db/db kidneys, which could be the result of caspase-8 directly activating caspase-9 in the presence of prolonged exposure to TNF-␣ (17) . Second, the Western blots in some studies were normalized against ␤-actin (34), which is known to be degraded by caspase-3 under proapoptotic conditions to artificially augment caspase-9 cleavage (49). Third, unlike our findings, Bax levels were augmented at 16 wk in some studies (34) , which in itself can lead to the release of cytochrome c and activation of caspase-9.
Irrespective of the caspases or cell types involved, oxidative stress plays a central role in diabetic kidney disease (2, 9, 33, 39, 43, 48) . Oxidative stress results from an imbalance between the production of free radicals such as superoxide and their removal by available antioxidants. Increased free radical producion may lead to lipid and protein oxidation, which we measured in this study via evaluation of lipid hydroperoxides and protein carbonyls, respectively. We used DHE staining of db/db kidneys in vitro to determine ex vivo superoxide generation capacity. Superoxide generation was increased in sedentary db/db kidneys, as previously reported in rodent models of this disease (21, 32) . Cellular antioxidants such as SODs quench such free radical bursts and reduce superoxide generation in vivo. Lower levels of cytosolic SOD 1 levels contribute to diabetic nephropathy (1) and may explain the increased oxidative tissue damage we observed in sedentary db/db kidneys (which generate more superoxides). On a similar note, a drop in SOD 3, which is an extracellular form of Cu/Zu SOD sharing ϳ50% sequence homology with SOD 1 within its catalytic site, could also be partially responsible for such oxidative kidney damage (19, 27) .
Our study also indicates that exercise increases renal superoxide production in both WT and db/db mice, similar to findings reported in skeletal muscle (23) . However, oxidative stress in exercised WT kidneys was unaffected by increased superoxide generation, possibly due to the sustained SOD levels which are capable of quenching excess superoxide. Diabetes led to modest increases in superoxide generation, but a large increase in all oxidized metabolites such as lipid hydroperoxides, protein carbonyls, and nitrotyrosine. This could be partly attributed to a loss in SOD 1 and SOD 3 protein expression in the kidneys. Similarly, although superoxide generation may have increased further with exercise in db/db mice, the amelioration of oxidative stress in this group could be attributed to increased expression of all three isoforms of SOD; which would provide an increased capacity to mitigate oxidative challenges due to any changes in either extra-or intracellular free radical generation (32) . The increase in SODs occurring with exercise is supported by other studies linking greater SOD expression in response to an increased generation of superoxide (16, 23) . Increased levels of superoxides scavenge nitric oxide to form peroxynitrite, which causes extensive oxidative damage in diabetic kidneys (21, 39, 48) . Nitrotyrosine, a biomarker for peroxynitrite activity, was increased in the kidneys of sedentary db/db mice (21) and was reduced to control levels by exercise, an effect that can also be attributed to the increased expression of SODs in exercised db/db mice.
In conclusion, we demonstrate that exercising db/db mice at a moderate intensity for 7 wk reduced mesangial matrix expansion and albuminuria, lowered caspase-3 and -8 activities, while also improving SOD expression and blunting renal oxidative damage. Importantly, normalization of plasma glucose levels in diabetic patients with hypoglycemic treatment also increases platelet SOD levels in humans (22) with similar effects in the kidneys of rodent models of diabetic nephropathy (44) . In this study, exercising diabetic animals also improved renal function and increased renal SOD levels without changes in plasma glucose or insulin status. Thus, low-intensity exercise augments antioxidant status independent of changes in hyperglycemia. This effect of exercise on renal SOD and downregulation of caspases may underlie beneficial effects via the attenuation of early diabetic kidney disease by lifestyle modifications (16) .
